We investigated whether clinical severity indices and biomarkers for preeclampsia (PE) are associated with low plasmatic 2-methoxyestradiol (2ME) in the third trimester of gestation. Blood was collected from 53 women with PE and 73 control pregnant women before parturition. The concentration of 2ME was significantly higher in controls than in patients with PE (2906.43 + 200.69 pg/mL vs 1818.41 + 189.25 pg/mL). The risk of PE decreased as 2ME levels increased. The 2ME values were negatively correlated with systolic peak arterial pressure and proteinuria in PE. Additionally, those women with PE with lower 2ME had a more serious clinical situation and needed a more aggressive therapy. Finally, 2ME levels (in patients with PE and total population) were significantly correlated with concentrations of soluble fms-like tyrosine kinase 1 and placental growth factor . Summarizing, patients with PE had lower 2ME levels that were correlated with different clinical indices and biomarkers of severity, indicating that 2ME could be taken into account for the clinical management of this syndrome.
Introduction
Preeclampsia (PE) affects 2% to 8% of pregnancies worldwide, 1 being a leading cause of preterm birth and causing important neonatal morbidity and mortality in the developed world. Furthermore, PE is still a major cause of death during pregnancy around the world, accounting for 10% to 15% of direct maternal deaths overall. 2 In the last years, many efforts have been devoted to clarify the pathophysiology of this syndrome. However, the mechanisms underlying its pathogenesis remain unclear, and the delivery of the placenta is still the only definitive treatment. Placental ischemia and angiogenic imbalance seem to be involved in the pathophysiology of PE because a poor placentation appears to cause a hypoxic condition 3 that increases the levels of proangiogenic proteins such as vascular endothelial growth factor (VEGF), VEGF receptor 1, and placental growth factor (PlGF). 4 Recent research has been focused on the role of catechol-O-methyltransferase (COMT) and its product 2-methoxyestradiol (2ME), a naturally metabolite of estradiol. 5 Serum 2ME rises steadily during the progress of pregnancy 6 and reaches a plateau during the last trimester. 7 A role for 2ME in the pathophysiology of PE seems likely because this estrogen appears to be a key factor in maintaining placental homeostasis necessary for appropriate cytotrophoblast invasion of the maternal decidua, 8 and it has been demonstrated that COMT knockout mice (COMT À/À ) exhibit a PE-like phenotype that is prevented by the administration of 2ME. 9 Many beneficial cardiovascular effects have been attributed to 2ME. 2-Methoxyestradiol inhibits injury-induced neointima formation and blocks abnormal cellular growth in vascular smooth muscle. 10 2-Methoxyestradiol also reduces atherosclerotic lesion formation 11 and improves vascular endothelial cell function decreasing the release of endothelin 1 12 and inducing the production of vasoprotective substances such as prostacyclin. 13 Also, 2ME has a vasodilatory influence by increasing endothelium-dependent nitric oxide (NO) production, 14, 15 and given its powerful antioxidant properties, 16, 12 it may potentiate NO bioavailability by preventing its oxidation. 5 However, there are no studies showing any association between levels of 2ME and clinical features in patients with PE. Taken together, the available evidence points at COMTgenerated 2ME as a central factor in the pathophysiology of PE. 9 Therefore, the aim of the present study was to provide clinical evidence that 2ME is decreased in PE, and its level correlates with the severity of the disease in humans.
Methods
This is an observational, analytical, and prospective casecontrol study. A total of 126 pregnant women (53 PE and 73 control, normal pregnancies) were included in the present study prospectively from November 2009 to January 2012 at the Hospital Clínico Universitario Virgen de la Arrixaca (HCUVA) in Murcia, Spain. Preeclampsia was defined as blood pressure (BP) elevation with proteinuria (300 mg or more per 24-hour period). If 24-hour urine collection was not available then proteinuria was defined as 2 or more ''þ'' obtained using a dipstick test. Blood pressure elevation was defined as an arterial pressure e!140/90 mm Hg on at least 2 occasions separated by a minimum of 6 hours after the 20th week of gestation in women known to be normotensive before pregnancy and also during the first weeks of gestation. Controls were women with uncomplicated pregnancies that lasted 37 weeks (or 259 days) or more. All of the participants had singleton pregnancies and were of white race. None of the participants had a history of chronic hypertension, renal or infectious diseases, or pregestational or gestational insulindependent diabetes.
The ethic committee of clinical investigation of the HUVA and the bioethics committee of the Universidad de Murcia approved the research protocol, including the consent form. Written informed consent was obtained from each participant, and the study was conducted in accordance with the Declaration of Helsinki.
In this study, mother blood was drawn by routine forearm venipuncture at the time of admission. In patients with PE, blood was extracted when it was decided to end the pregnancy, the same day or the day before delivery. In controls, blood was drawn during a routine consultation of 1 to 7 days before parturition. Gestational age at delivery for both groups is presented in Table 1 . Blood was collected in a dry tube for serum analysis and in a tube containing EDTA for plasma analysis. Samples were immediately centrifuged at 2500 rpm for 7 minutes and then aliquoted under sterile conditions and stored at À80 C until use.
Serum levels of maternal PlGF and soluble fms-like tyrosine kinase 1 (sFlt-1) were measured by an electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany, No 05144671 and 05109523, respectively) on the automated Roche immunoanalyzer COBAS e 411 (Roche Diagnostics, Germany) following the manufacturer's recommendations. Measurement of plasma 2-ME was performed by enzymoimmunoassay (Cayman Chemical Company, Michigan, No 582261). The extraction of 2ME from plasma was performed by a double solvent procedure (ethanol and methylene chloride) following the manufacturer's recommendations. Briefly, ethanol (1.5 mL) was added to plasma samples (0.5 mL, in duplicate), vortexed, and centrifuged at 1250g for 10 minutes. Supernatants were evaporated at 30 C under vacuum overnight, reconstituted in 0.5 mL of ultrapure water, and extracted 3 times with methylene chloride (mixed with 2 mL of methylene chloride, vortexed, and the methylene chloride layer transferred to a clean tube). Finally, methylene chloride was evaporated at 30 C under vacuum overnight, the dry sample reconstituted in assay buffer, and measured. The specificity of the 2ME enzyme immunosorbent assay antiserum available from Cayman does not include the cross-reactivity to 4ME. However, this is unlikely to be a significant interference because it has been reported that 4ME plasma levels are very low during pregnancy and unaffected by PE (%20-35 pg/mL). 17 The other biochemical parameters were taken from the clinical chart of the patients as part of routine tests done in the clinical laboratory of the HCUVA. Some missing data were caused by logistical problems and the prospective nature of the study. In addition, for some participants, only small amounts of blood were available, resulting in different numbers for the separate analyses.
Statistical Analyses
All data are presented as mean + 1 standard error of the mean unless otherwise indicated. Some variables were logtransformed to obtain normal distributions for subsequent parametrical statistical analysis. Student t test was used to compare the means of baseline characteristics and different biomarkers between control and PE groups. The chi-square (l 2 ) test was employed to make case and control comparisons for categorical variables. The association between 2ME and levels of different parameters was evaluated using Pearson correlation coefficient. To compare frequencies of population distribution into each quartile of 2ME, a nonparametric (one-sample l 2 ) test was employed. Multiple logistic regression analysis was used to estimate the adjusted odds ratio (adjOR) of PE according to mean levels and quartiles of 2ME. In order to explore the adjusted associations for a continuous outcome variable, multiple linear regressions were also used. Analysis of covariance (ANCOVA) followed by a post hoc Bonferroni test was employed to compare 2ME levels between different antihypertensive treatment groups. The following covariates were taken into account in all the adjusted analyses: smoking habit (smoker during pregnancy, never smoked during pregnancy, or smoker that ceased at the beginning of the pregnancy), body mass index (BMI), maternal age, and nulliparity (yes/no). A P value <.05 (2-tailed test) was considered to be significant. The statistical software package SPSS v19.0 (IBM-SPSS Inc, Chicago, Illinois) was used for all the analyses.
Results
Clinical characteristics of the 126 women are presented in Table  1 . As we expected, based on the definition, women with PE collectively had proteinuria and significant higher systolic and diastolic BPs than that of normal pregnant women. The BMI was significantly greater in women with PE, and this group had a significantly higher rate of nulliparity. The number of smokers was higher in controls than in women with PE, but the difference was not significant (P ¼ .06). In addition, 2ME values were not significantly different between smokers and nonsmokers within the control population (2563.66 + 374.64 vs 2886.03 + 255.48 pg/ mL; P ¼ .6). The gestational age at delivery for women with PE was significantly lower than that in the group of women with uncomplicated pregnancies, and the birth weight was significantly greater in this control group. There were no statistical differences between controls and PE in maternal age, use of assisted reproductive techniques, including oocyte donation, and gestational diabetes controlled with diet. Control individuals (n ¼ 66) had significantly higher 2ME plasma levels than women with PE (n ¼ 50; 2906.43 + 200.69 pg/mL vs 1818.41 + 189.25 pg/mL; P < .001; Figure  1 ). Additional multiple logistic regression analysis was performed to include potential confounders (smoking habit, BMI, maternal age, and nulliparity). Increased plasmatic 2ME was observed to have a significant effect (P < .001) and was associated with a decreased risk of PE. The adjOR was .05 (95% confidence interval [CI]: 0.01-0.25; n ¼ 113).
Plasma levels of 2ME were used to separate the population samples into quartiles resulting in an ordered progression of frequency distribution in both women with PE and control women. When the distribution of frequencies of the population samples was compared, we observed a higher than expected number of patients having PE with levels of 2ME in the first quartile ( Figure 2 ), while the number of women with PE was lower than expected for third and fourth quartiles. The results of a logistic regression model show a decreasing trend in the risk of PE as 2ME levels increase (P [trend] ¼ .001). In fact, protection is triggered when levels exceed the median value (1988.24 pg/mL). The adjOR for the third and the 4th quartiles compared with the first quartile was 0.129 (95% CI: 0.04-0.45; P < .001) and 0.157 (95% CI: 0.05-0.55; P < .004), respectively ( Table 2) .
As shown in Figure 3 , we investigated the connection between levels of 2ME and the 2 components of the definition of PE, arterial hypertension (systolic and diastolic peak arterial pressure), and proteinuria in 24-hour urine samples. After adjusting, we found that the 2ME values were significantly and negatively correlated with both systolic peak BP and proteinuria. There was no correlation between 2ME and diastolic peak BP (P ¼ .66; Table 3 ).
In order to test whether plasma levels of 2ME were associated with the severity of arterial hypertension in women with PE, we divided our patients as a function of the intensity of the therapy needed to control hypertension: no treatment, oral treatment, and intravenous treatment. The change in therapy was conducted depending on whether the patients kept their BP in levels near 140/90 mm Hg and under 160/100 mm Hg with their respective treatments. The patients with PE who needed more aggressive therapy to control arterial pressure had lower plasmatic levels of 2ME. Thus, those who did not need any treatment (n ¼ 8) showed levels of 2598.15 + 608.97 pg/mL; women who only needed oral treatment (n ¼ 22) presented levels of 2174.99 + 308.27 pg/mL; and women who needed intravenous treatment (+oral treatment; n ¼ 20) had levels of 1114.27 + 129.25 pg/mL. After adjusting for confounding factors (ANCOVA), women with PE who needed intravenous treatment to control their BP had significantly lower plasma levels of 2ME than the other 2 groups, respectively (P ¼ .013 vs the untreated group and P ¼ .016 vs the group with oral treatment; Figure 4) .
With the purpose of delving into aspects of clinical severity of PE, we correlated 2ME levels as a function of the presence of clinical signs and symptoms of severity: cerebral or visual disturbances (headache, blurred vision, photopsias, and scotomata), oliguria (<0.5 mL/kg/h), or epigastric or right upper-quadrant abdominal pain. The 14 women with PE having clinical severity signs had lower levels of 2ME (1296.18 + 272.63 pg/mL) than the 36 women with PE who did not (2021.50 + 233.87 pg/mL, P¼ .05). Thus, higher levels of 2ME seem to have a significant effect associated with a decreased risk of severe PE (adjOR 0.115; 95% CI: 0.014-0.964; P ¼ .046; n ¼ 49).
Regarding different analytical biomarkers of renal and liver function related to the severity of PE, as shown in Table 4 , women with PE had a significantly higher levels of serum uric acid, creatinine, lactate dehydrogenase (LDH), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) than control pregnant women. Nevertheless, the creatinine mean levels in the population with PE were within the normal range (0.5-0.9 mg/dL), and mean levels of AST and ALT were at the upper limit of normality (5-31 UI/L). There was no difference in platelet counts between both the groups. We also explored the association between those biomarkers and 2ME levels. The plasmatic levels of 2ME in the population with PE were significantly and negatively correlated with serum levels of uric acid, creatinine, and LDH. In addition, the 2ME levels were significantly and positively associated with platelet counts. There was no significant correlation with AST and ALT (Table 3) .
Given the well-known dependence of birth weight on infant outcomes, we also analyzed the association between birth weight and 2ME. The plasma 2ME levels of the population with PE (n ¼ 49) were significantly and positively associated with birth weight (B ¼ 1.5Á10 À4 ; 95% CI: 5.6Á10 À5 -2.44Á10 À4 ; P ¼ .002). The slope of this relationship was about 1 pg mL À1 2ME/1 g of body weight of the newborn (Table 3) .
Regarding the widely studied angiogenic and antiangiogenic factors involved in the pathogenesis of PE, we investigated the serum levels of these factors and its association with 2ME. Serum concentration of sFlt1 was significantly increased (4-fold) in women with PE compared with control pregnant women (P < .001). Serum PlGF concentration was decreased 4-fold in the pregnant women with PE compared with uncomplicated pregnancies (P < .001; Table 4 ).
The plasmatic levels of 2ME in the total population sample (preeclamptic þ controls) were significantly and negatively associated with serum levels of sFlt-1 and significantly and positively associated with serum levels of PlGF ( Figure 5 ). Both correlations remained significant after adjusting for potential confounding factors (n ¼ 113; B ¼ À0.32; 95% CI: À0.48 to À0.16; P < .001 and B ¼ 0.34; 95% CI: 0.20-0.47; P < .001 respectively).
Finally, 2ME plasma levels in women with PE were also significantly correlated with sFlt-1 and PIGF ( Figure 5 ). After adjustment, 2ME plasma levels remained significantly and negatively associated with sFlt1 levels (B ¼ À0.54; 95% CI: À0.91 to À0.17; P ¼ .006) and significantly and positively associated with PlGF levels (B ¼ 0.48; 95% CI: 0.16-0.80; P ¼ .005; Table 3 ).
Discussion
This report presents interesting and novel data about the relationship between 2ME plasma levels and a variety of clinical severity indices in women with PE. It was found that patients with PE had lower circulating levels of 2ME than women with uncomplicated pregnancies during the third trimester. In addition, women with PE having lower levels of 2ME had higher values of systolic peak arterial pressure and proteinuria and they also needed a more aggressive treatment to control their BP and manifested a more serious clinical situation. Finally, 2ME levels were significantly correlated (positively and negatively, respectively) with angiogenic (PlGF) and antiangiogenic (sFlt1) factors that are strongly associated with the pathogenesis of PE.
The awareness about the relationship between COMTderived 2ME and PE started with Barnea et al who found a lower placental COMT activity in patients with severe PE. 18 Later, Kanasaki et al 9 postulated a possible role for decreased production of 2ME in human PE as a result of lower activity or expression of placental COMT. They based this hypothesis on the fact that COMT knockout mice (COMT À/À ) exhibited a PE-like phenotype that was prevented by the administration Figure 3 . Correlation of 2-methoxyestradiol with blood pressure and proteinuria. A, Negative correlation in the preeclamptic population sample between maternal 2ME levels and systolic peak blood pressure (BP; n ¼ 50; r ¼ À.283; P ¼ .047). B, Negative correlation in the population with preeclampsia sample between maternal 2ME levels and proteinuria (n ¼ 34; r ¼ À.212; P ¼ .229). of 2ME. In the same line of thought, several studies have linked different genetic variations in the metabolic pathway of COMT, which could lead to a reduction in 2ME circulating levels, with increased risk of PE. [19] [20] [21] In this regard, Sata et al 22 found a gene polymorphism causing both low COMT activity and intrauterine fetal growth restriction, a syndrome that seems to share a common pathogenic basis with PE. 23 Finally, Lee et al 8 postulated the importance of 2ME (under hypoxic conditions) in achieving the appropriate cytotrophoblast invasion that allows for adequate fetal oxygenation and placental vascular development during pregnancy. Despite all these developments focused on the role of COMT and its metabolite 2ME in relation to the pathogenesis of PE, the 2ME levels have only been measured in 2 previous studies with a limited number of pregnant women with PE, 9, 17 hence the importance of our findings. The present study shows values of 2ME in our control population sample in the same range compared to those reported previously (measured by immunoassay) in the literature for pregnant women in the third trimester 6, 7 ; similar results have also been found more recently in normal pregnancies using gas chromatography 24 or liquid chromatography 9,17 followed by mass spectrometry. In addition, women with PE had lower levels of circulating 2ME than the control pregnant group, also in agreement with the literature. 9, 17 More importantly, we also show that the risk of PE increased especially as 2ME levels were approaching the first quartile of the variable distribution. In addition, women with PE who needed intravenous treatment to control arterial hypertension had significantly lower plasma levels of 2ME than all others. Taken together, those results indicate that 2ME could be used to predict the severity of PE.
The reduced 2ME levels measured in women with PE were associated with a wide range of severity of clinical features of the disease. For this reason, this group of patients provided a favorable opportunity to examine the relationships among the 2ME levels and BP, urinary protein, angiogenic and antiangiogenic factors, and the severity clinical indices of the disease. The present study establishes for the first time a clear correlation between 2ME levels and systolic arterial pressure in human PE, and a more aggressive therapy was necessary to control the hypertension in women with lower levels of this estrogen metabolite. These findings are consistent with the results of Kanasaki's group, showing a significant increase in systolic BP in COMT À/À mice during pregnancy, effect that was prevented by exogenous administration of 2ME. An involvement of 2ME in the control of vascular tone seems likely because our group has previously demonstrated that 2ME decreases arterial pressure in both male and ovariectomized female spontaneously hypertensive rats. 25 This beneficial effect seems to be related to increased endothelial NO bioavailability, which may be a result of a potentiation of NO release 15 as well as a reduction in NO oxidation. 26 This rise in NO bioavailability appears to oppose vascular smooth muscle contraction and reduce the effect of vasoconstrictors. 14 During normal pregnancy, this vasorelaxing role of 2ME may become more important, given the need to accommodate the increased blood volume and cardiac output. Taken together, the available evidence strongly suggests that increasing amounts of 2ME are necessary to ensure high enough vascular NO levels essential for maintaining a reduced gestational vascular resistance. This idea is compatible with a recent report from our group showing that pharmacological inhibition of COMT activity during pregnancy causes arterial hypertension and endothelial dysfunction due to reduced NO bioavailability, 26 supporting the idea that 2ME is a key factor in maintaining vascular endothelial health in normal pregnancy. Furthermore, in those experiments the presence of tempol improves vascular reactivity and NO release, suggesting the involvement of superoxide anion in endothelial dysfunction observed in this model of COMT inhibition.
Interestingly, in the present study plasma uric acid concentration was significantly higher in women PE than in controls, and 2ME levels in the preeclamptic population were significantly and inversely correlated with plasmatic uric acid levels. This may be noteworthy, because uric acid is the end product of purine metabolism, after a chemical reaction catalyzed by the enzyme xanthine oxidoreductase. 27 Under hypoxic conditions, xanthine oxidase participates in this metabolic pathway resulting in superoxide anion production, which contributes to increase oxidative stress and also to reduce NO bioavailability, causing endothelial dysfunction. 27 There is evidence in the literature indicating that uric acid levels correlate with BP, 28 and also that high levels of uric acid are associated with greater severity of PE and adverse maternal and particularly fetal outcomes. 29 Therefore, those studies indicate that an increased oxidative stress is present in PE, and that a deficiency in COMT-derived 2ME may be involved in the increased free radical production that interferes with a normal placental and fetal development in PE. In the present study, an inverse correlation between 2ME concentration and both plasma creatinine and proteinuria was found in the preeclamptic population sample. These findings are consistent with a previous report showing that pregnant COMT À/À mice developed renal endotheliosis with albuminuria, and also that this preeclamptic-like phenotype was avoided by exogenous 2ME administration. 9 This protective glomerular action of 2ME is explained at the present by the inhibition of the abnormal growth of glomerular mesangial cells, 30 the reduction in the deposit of extracellular matrix proteins such as collagen, and also by less inflammatory cell infiltration. 31 In addition, descriptive statistics show that our population sample having PE had a greater BMI and a higher rate of nulliparity than controls. It is well known that both nulliparity 32 and obesity 33 are risk factors for PE. Nevertheless, those factors are not invalidating our results because after adjusting for them, we found that the 2ME values were still significantly and negatively correlated with both systolic peak BP and proteinuria. Tobacco smoking has previously been found to have a protective effect as high as 30% to 50% against PE 34 ; however, in the present study, we found no significant differences between controls and patients with PE. Nevertheless, the possible protective effect of smoking is of particular interest because cytochrome P450 is induced by tobacco smoke in the placenta 35 and this may result in higher hydroxylation of estradiol to 2-hydroxyestradiol and subsequent formation of 2ME in normal pregnancies. However, the data in the present study do not support a significant role for this mechanism because 2ME was actually lower (but not significantly different) in control smokers than in control nonsmoker pregnant women.
As expected, the levels of PlGF and sFlt1 in PE were significantly lower and higher, respectively, than that in normal pregnancies. The mean levels obtained for both biomarkers in our work were similar to those previously published in the literature. 36 Finally, we demonstrated that plasma levels of 2ME were significantly correlated with levels of PlGF and sFlt1 (positive and negatively, respectively). The excess sFlt1 contributed to various features of the maternal syndrome such as placental hypoxia with placental insufficiency or renal glomerular endotheliosis. 37 Thus, sFlt1 could be a factor linking placenta with maternal endothelial dysfunction. Placentas deficient in 2ME are not only prone to inflammation but can also have hypoxia and show increased nuclear levels of hypoxiainducible factor 1 a (HIF-1 a), leading to an imbalance in angiogenic factors in the maternal serum. In support of this hypothesis, mice genetically deficient in COMT (COMT À/À ) show an abnormal accumulation of HIF-1a protein predominantly in the placenta, an effect that was reversed by the administration of 2ME. Moreover, 2ME ameliorated placental hypoxia by inhibition of HIF-1a expression and precluded sFlt1 elevation. 9 Thus, the available evidence indicates that placental COMT-generated 2ME not only protects against generalized endothelial dysfunction but also suppresses the placental synthesis and release of sFlt1.
Therefore, taking together the previous results and the data in the present study, showing that the angiogenic imbalance present in women with PE is associated with decreased 2ME plasma levels, it seems reasonable to suggest that 2ME may be a potential therapeutic agent. It has already been used in some clinical trials as a promising antitumoral agent, 38 and the list of the tumor cell types and proliferative or inflammatory disorders that seem to respond to treatment with 2ME continues to increase. 39, 40 Furthermore, phase I and II clinical trials so far indicate that it is an estrogenic compound fairly well tolerated even at very high doses. 39 The participation of 2ME in the pathogenesis of PE suggests that its supplementation might potentially prevent the development of the syndrome in susceptible pregnant women, opening a door toward a new therapeutic strategy for PE.
In summary, we have provided initial clinical evidence showing that 2ME levels are reduced in PE, and its low concentration is correlated with disease severity. This study adds additional support to the hypothesis that 2ME may be a key factor in maintaining angiogenic balance in the pathophysiology of PE, indicating that it could be used as a biomarker in the clinical management of the syndrome.
